Streptomycin sulfate (5 mg/ml) was added to the drinking water of Swiss white mice. After treatment for 1 week, the mice were challenged orogastrically with 108 Pseudomonas aeruginosa cells. The organism failed to multiply in the intestinal tract of either treated or untreated animals, but could be recovered from contents and tissues after 48 h. In a previous study (19) , Salmonella 1yrhimurium was shown to multiply in the intestines of streptomycin-treated but not untreated mice when 10 organisms were used as inoculum. Streptomycin administration had little effect on Eh, protein or carbohydrate concentrations of cecal contents, or intestinal motility. However, it caused a statistically significant increase in water content and pH of contents and a decrease in the concentrations of acetic, propionic, butyric, and valeric acids. S. typhimurium multiplied in pooled cecal contents obtained from both streptomycin-treated and untreated animals, but its multiplication rate and total populations were significantly greater in contents from treated animals. P. aeruginosa did not multiply in contents from either treated or untreated mice. Similar results were obtained when the organisms were inoculated into nutrient broth adjusted to simulate the pH levels and volatile fatty acid (VFA) concentrations in cecal contents of treated and untreated mice. The addition of brain heart infusion broth to cecal contents from untreated animals, in concentrations that support multiplication of S. typhimurium and P.
aeruginosa, did not reverse inhibition. The addition of VFA to cecal contents from treated animals to equal the concentration in cecal contents from untreated animals caused inhibition of a magnitude observed in cecal contents from untreated animals. The results indicate that VFA operating at the pH level of cecal contents of conventional mice inhibit the multiplication of both S. typhimurium and P. aeruginosa and restrict colonization of the intestine by these organisms. The decrease in VFA concentrations that occurs as a result of streptomycin administration adequately explains the increased susceptibility of treated mice to colonization with S.
typhimurium. It does not explain the increased susceptibility of treated mice to P. aeruginosa colonization, however.
Antibiotic administration is known to increase the susceptibility of the host to colonization with antibiotic-resistant enteric pathogens (9, 10) . Loss of colonization resistance (22) is due to the disruption of the intestinal flora of the host with antimicrobial agents, resulting in conditions that favor multiplication of nonindigenous organisms. A number of mechanisms have been proposed to account for the protection provided by the flora against colonization with enteric pathogens. These mechanisms include competition between pathogens and flora components for nutrients present in limiting quantities (11) ; competition between pathogens and flora components for attachment sites on intestinal mucosal cells (1, 6) ; elaboration by flora components of substances such as bacteriocins (16) , hydrogen sulfide (11), or shortchain volatile fatty acids (VFA) (13) that inhibit multiplication of pathogens; and establishment by the flora of environmental conditions, such as low pH and Eh, which adversely affect pathogens (4, 17) . Various antibiotics diminish protection. Bohnhoff et al. (2) and Que and Hentges (19) demonstrated that administration of streptomycin to mice resulted in an increase in susceptibility to Salmonella colonization of approximately 100,000-fold. Hentges et al. (15) showed that treatment of mice with streptomycin, ampicillin, clindamycin, kanamycin, or metronidazole decreased resistance to intestinal colonization with orally administered Pseudomonas aeruginosa. Streptomycin was the most effective of the antibiotics used. It decreased colonization resistance to the * Corresponding author. greatest extent and facilitated translocation of P. aeruginosa extraintestinally.
It was determined that streptomycin disrupts both aerobic and anaerobic components of the cecal flora of mice (14) . One week after initiation of treatment, there was a decline in the frequency of isolation of Corynebacterium, Streptococcus, Bifidobacterium, Clostridium, and anaerobic Lactobacillus species from mouse cecal contents. Aerobic Lactobacillus species and lactose-negative, gram-negative rods disappeared from the contents, and lactose-positive, gramnegative rods were partially replaced by streptomycinresistant variants. The total populations of aerobes and anaerobes and the population levels of individual organisms that were recovered were approximately the same in cecal contents of treated and untreated mice, however, with the exception of anaerobic Lactobacillus species, which had total populations approximately 1,000-fold smaller in streptomycin-treated animals.
Accompanying the flora changes were environmental changes. Preliminary data (14) indicate that the pH of cecal contents of streptomycin-treated mice is higher and the VFA content is lower than in cecal contents of untreated mice. These findings are in accord with the observations of other investigators, who report that high cecal-pH levels and low VFA concentrations correlate with increased susceptibility to colonization with intestinal pathogens (3, 4, 17) .
In this paper we describe how streptomycin administration alters the ecology of the gastrointestinal tracts of mice and how the changes influence the susceptibility of the animals to colonization with Salmonella typhimurium, a SUSCEPTIBILITY AFTER STREPTOMYCIN TREATMENT classical enteric pathogen, and P. aeruginosa, an opportunistic organism.
MATERIALS AND METHODS
Organisms. The streptomycin-resistant S. typhimurium and P. aeruginosa strains used in these studies were described previously (14, 17) .
Mice. The outbred Swiss white mice (Cox variety; Laboratory Supply Co., Indianapolis, Ind.) were the same as those used in our previous studies (15, 19 Inhibitory activity of cecal contents. Cecal contents from groups of 20 streptomycin-treated and 20 untreated mice were removed in the anaerobic chamber and pooled separately. A 1-g sample from each pool was used for determination of VFA concentrations. The remaining contents of each pool were divided into two portions, both of which were placed in screw-capped vials and autoclaved at 121°C for 15 min with caps tightly fastened. The four vials, two containing contents from streptomycin-treated mice and two containing contents from untreated mice, were returned to the anaerobic chamber. VFA mixture (0.1 ml) containing appropriate concentrations of acetic acid, propionic acid, butyric acid, and valeric acid was added to one of the vials containing contents from the streptomycin-treated mice. Prereduced distilled water (0.1 ml) was added to the other vial. Ten-times-concentrated brain heart infusion (BHI) broth (0.1 ml; Difco Laboratories, Detroit, Mich.) was added to one of the vials containing contents from the untreated mice, and 0.1 ml of prereduced distilled water was added to the other vial. The pH of the pooled contents was adjusted with 1 N HC1 or 4 N NaOH to correspond to the mean pH of cecal contents from either streptomycin-treated or untreated mice. As a consequence of these additions, the total dilution factor did not exceed 15% (vol/wt). The Inhibitory activity of VFA in broth. VFA were added to nutrient broth in screw-capped tubes inside the anaerobic chamber in concentrations corresponding to those observed in cecal contents from streptomycin-treated or untreated mice. The pH levels were adjusted accordingly. The caps were loosened, and the broth was allowed to reduce anaerobically for 48 h before inoculation with 0. Previous studies showed, by contrast, that S. typhimurium multiplied in the intestines of streptomycin-treated mice (19) . Although a small challenge inoculum of 103 organisms was used, population levels of 107 were measured in cecal contents 48 h after challenge. Organisms were present at lower levels in ileal contents and in cecal and ileal tissues.
However, there was no evidence of S. typhimurium multiplication in the intestines of untreated mice.
Intestinal motility. The effect of streptomycin administration on the rates at which thermophilic B. subtilis spores passed through various segments of the gastrointestinal tracts of mice is illustrated in Table 1 . These rates varied widely among both streptomycin-treated and untreated mice. Streptomycin administration slightly decreased the rates at which the spores passed through the different segments of the intestinal tract by 1.5 h after challenge, although a statistically significant rate decrease was observed in the cecum only. These differences largely disappeared by 3 h after challenge and were no longer apparent by hour 6. Effects of streptomycin administration on environmental conditions in cecal contents. With both S. typhimurium and P. aeruginosa, the patterns of colonization of the ceca and ilea of mice were generally similar. The cecum was chosen for study because it is an important site of Salmonella infection in mice (5, 18) and, unlike the ileum, consistently contains material. Changes in environmental conditions that occurred in cecal contents as a consequence of streptomycin treatment are listed in days after initiation of streptomycin treatment. Streptomycin administration significantly increased the pH value of cecal contents, from 6.42 measured in contents of untreated mice to 6.73 in cecal contents from streptomycin-treated animals. The Eh value of cecal contents increased from -128.9 to -118.6 mV as a consequence of streptomycin administration. These values were not significantly different, however.
The VFA concentrations present in pooled cecal contents from streptomycin-treated mice were significantly lower than those measured in pooled contents from untreated mice ( Table 2 ). The butyric acid concentration was affected to the greatest extent by the administration of streptomycin to the mice. Butyric acid levels decreased more than 50%, from 60.9 to 20.7 ,ueq/g (wet weight) of contents, when the mice were treated with the antibiotic. The concentrations of acetic and propionic acids in the cecal contents were lowered, from 74.8 to 53.1 and 19.6 to 13.0 ,ueq/g of contents, respectively, when the mice were given streptomycin. The concentration of valeric acid in the cecal contents of untreated mice was very low (2.50 pLeq/g). Streptomycin administration caused a decrease in the concentration of this acid to undetectable levels. The effect of streptomycin on protein and carbohydrate concentrations in cecal contents of mice was also investigated. The results of these studies are shown in Table 2 . The carbohydrate concentrations in the cecal contents varied greatly, from a high of 17 mg/g of content to a low of 1.75 mg/g. The mean carbohydrate concentration of 4.54 mg/g in contents from untreated mice was not significantly different from the concentration of 6.90 mg/g in contents from treated mice. The concentration of protein in the cecal contents was not altered significantly as a consequence of streptomycin treatment. The mean protein concentration was 6.17 mg/g in contents from untreated mice and 5.95 mg/g in contents from streptomycin-treated mice.
A statistically significant increase was observed, on the other hand, in the amount of water in cecal contents as a result of streptomycin treatment. Antibiotic administration lowered the dry weight/wet weight ratio from a mean of 0.24 in untreated mice to a mean of 0.20 in streptomycin-treated mice.
Multiplication of S. typhimurium and P. aeruginosa in cecal contents obtained from streptomycin-treated and untreated mice. The abilities of S. typhimurium and P. aeruginosa to multiply in cecal contents obtained from streptomycintreated and untreated mice were determined next. The pH of the contents was adjusted to the levels observed in vivo. The contents were inoculated with either 105 CFU of S. typhimur suspensi anaerobi The addition of 10-times-concentrated BHI broth to cecal contents obtained from untreated mice did not alter the multiplication rates or total populations of either S. ._ , , . , .typhimurium or P. aeruginosa ( Fig. 2 and 3) . observed in contents of untreated mice and when the pH .Multiplication of S. typhimurium In pooled cecal con-level was adjusted to 6.4, there were decreases in the growth Lined from streptomycin-treated and untreated mice. Each rev andpulti to S. tyhimuri toclevels similaroto *esents the mean logio of counts per gram of sample from at rate and populations of S. typhimurium to levels similar to e pools containing contents from 20 mice. Symbols: A, those observed in contents from untreated mice (Fig. 2) . .rom streptomycin-treated mice, pH 6.7; 0, contents from Similarly, the addition of VFA to contents from treated mice, pH 6.4; A, contents from streptomycin-treated mice animals and the adjustment of pH slightly diminished the d VFA, pH 6.4; *, contents from untreated mice with survival of P. aeruginosa to a level observed in contents II broth, pH 6.4. from untreated mice (Fig. 3). INFECT. IMMUN. organisms were inoculated into mouse cecal contents (compare Fig. 2 and 4 and Fig. 3 and 5) . DISCUSSION The influence of streptomycin on factors in the intestinal tract of mice that modulate the outcome of colonization with S. typhimurium and P. aeruginosa was investigated in this study. In earlier studies, streptomycin was administered in the drinking water of the mice to determine if disruption of the intestinal flora influenced susceptibility to colonization with these organisms (15, 19) . The effects of the antibiotic on susceptibility were confirmed when decreases in the 50% implantation dose for the animals of 100,000-fold for S. typhimurium and 10,000-fold for P. aeruginosa were observed. However, the results of the present investigation do not explain differences in the susceptibilities of streptomycin-treated and untreated mice to colonization with P. aeruginosa. The organism failed to multiply in the ceca of either streptomycin-treated or untreated mice (Fig. 1) . We recently reported that P. aeruginosa translocates extraintestinally to the mesenteric lymph nodes, spleens, and livers of streptomycin-treated, but not untreated, mice (15) . Preliminary studies in our laboratory indicate that the infected organs Inhibitory activity of VFA on S. typhimurium and P. aeruginosa in broth. The effect of the addition of VFA to nutrient broth in concentrations corresponding to those observed in cecal contents from streptomycin-treated and untreated mice on the growth of S. typhimurium or P. aeruginosa anaerobically was also determined. The pH levels of the broth were adjusted to those observed in cecal contents in vivo. S. typhimurium multiplied rapidly in nutrient broth adjusted to conditions corresponding to those observed in cecal contents from streptomycin-treated mice, attaining a population of 2.0 x 107 CFU/ml after 12 h incubation and 1.3 x 108 CFU/ml after 48 h incubation (Fig. 4) . The multiplication rate and population level of the pathogen in nutrient broth adjusted to simulate conditions in contents from untreated mice were significantly lower than in broth adjusted to simulate conditions in contents from treated mice. After 12 h of incubation, the population was 1.4 x 105 CFU/ml, and at 48 h, the population was 4.0 x 107 CFU/ml. P. aeruginosa multiplied under anaerobic conditions in nutrient broth without VFA, adjusted to pH 6.4 , to attain population levels approaching 108 CFU/ml after 24 h of incubation (Fig.  5 ), indicating that a terminal electron acceptor was available to it. However, it failed to multiply in broth adjusted to either condition observed in contents from treated or untreated mice. In both cases, its populations declined approximately 10-fold during 48 h of incubation. There was no significant difference between population levels of P. aeruginosa in the two types of broth. The results obtained in these studies, when the organisms were inoculated into nutrient broth, were similar to the results obtained when the VOL. 53, 1986 121 able to colonize the gastrointestinal tracts of streptomycintreated mice with greater facility than those of untreated mice, indicating that factors that inhibit this organism in the intestines of untreated animals have been diminished by antibiotic administration. Since numerous mechanisms have been proposed to account for inhibition of pathogens in the intestinal tract, a systematic approach was adopted to measure the effects of streptomycin on colonization resistance in the mouse intestine.
The effect of streptomycin on intestinal transit time was studied first. Spores of a thermophilic B. subtilis strain were used as a marker. These spores were shown to have the same transit time as S. typhimurium, Shigella flexneri, Lactobacillus salivarius, and Escherichia coli in the intestines of conventional mice (8) . A similar rate of excretion of the spores and Cr51C13 in the intestinal tract of mice was reported by Freter et al. (12) . Results obtained from our study demonstrated that transit times of the spore suspension in the stomach, small intestine, and colon were similar in conventional and streptomycin-treated mice. The transit time of the spores was significantly greater in the cecum of streptomycin-treated mice only at 1.5 h after challenge. This difference was no longer apparent at 3 h after challenge (Table 1) . At 6 h after challenge, more than 95%o of the spores traversed the small intestine, and 93 and 90% traversed the cecum and colon, respectively. The rapid washout of the marker from the intestines of mice indicates that motility is one of the important defenses against colonization by exogenous organisms and is in agreement with earlier studies on the dynamics of S. typhimurium infection (7) .
It is evident from this study that streptomycin administration had a minimal effect on intestinal transit time. In addition, the pathogens attached with equal facility to the intestinal mucosa of both treated and untreated animals early in the process of colonization. Clearly, other factors responsible for colonization resistance in the intestinal tract were affected by the presence of streptomycin. A number of these factors, believed to be responsible for antagonism against enteric pathogens, were systematically investigated.
The oxidation-reduction potential in the lumen of the cecum was not significantly altered by streptomycin administration ( Table 2 ), suggesting that the oxygen concentration was similar in the contents of both treated and untreated animals. This result is in contrast to the results reported by Meynell (17) showing that streptomycin administration resulted in an increase of 0.4 V in the Eh value of cecal contents of mice. However, we determined Eh values 7 days after initiation of streptomycin treatment, whereas Meynell (17) measured Eh values 24 h after treatment. Gram stains performed by Meynell (17) showed that cecal contents from untreated mice contained large numbers of bacteria, especially fusiform bacteria of various sizes and gram-positive cocci and bacilli. After streptomycin treatment, only a few gram-positive bacilli and yeasts were observed. After 7 days of streptomycin treatment, on the other hand, the cecum may have been repopulated with large numbers of streptomycin-resistant organisms, causing the Eh value to return to pretreatment levels. This hypothesis is suggested by our finding that there are similar total numbers of aerobic and anaerobic organisms in the ceca of streptomycin-treated and untreated mice at this time (14) .
Treatment of mice with streptomycin did not alter the nutritional status of the cecal contents. Although the carbohydrate concentration was 2.5 mg/g lower in cecal contents of streptomycin-treated than of untreated mice, the difference is not statistically significant ( Table 2 ). The differences in carbohydrate and protein concentrations were great among animals in both the treated and the untreated groups. The variance between samples within each group was not statistically significant, however, suggesting sampling error.
The results from this study are in agreement with those of Meynell (17) , who demonstrated that the protein concentrations of cecal contents from streptomycin-treated and conventional animals were similar. Further evidence that nutrient depletion in cecal contents from untreated mice is not responsible for the inhibition of S. typhimurium and P. aeruginosa is our observation that the addition of BHI broth to the contents did not reverse inhibitory activity. BHI broth was added at a concentration of 0.5 ml/g of content. This concentration, which more than adequately supports multiplication of both S. typhimurium and P. aeruginosa under anaerobic conditions, would have reversed inhibition if the content had lacked essential nutrients or an electron acceptor for P. aeruginosa.
The dry weight/wet weight ratio of cecal contents decreased after the administration of streptomycin (Table 2) . There was adequate water in the contents of both treated and untreated animals to support bacterial multiplication, and we feel, therefore, that the small difference in water concentration is of no consequence regarding bacterial inhibition.
Significant changes in the pH levels and VFA concentrations of cecal contents were observed after the administration of streptomycin ( Table 2 ). The increase in pH was accompanied by a decrease in VFA concentrations. These results are similar to those reported by Bohnhoff et al. (4) and Meynell (17) . The effects of changes in pH levels and VFA concentrations in relation to inhibition was demonstrated in vitro with autoclaved pooled cecal contents and was reaffirmed with broth cultures. When S. typhimurium was inoculated into autoclaved cecal contents, the pathogen multiplied at a higher rate and attained greater populations in contents from streptomycin-treated than from untreated mice (Fig. 2) . P. aeruginosa, on the other hand, failed to multiply in contents from either group of animals (Fig. 3) . These results were essentially reproduced when VFA were added to nutrient broth in concentrations equal to those of cecal contents of treated and untreated animals and when the pH levels were adjusted appropriately. Variations in VFA concentrations and pH levels between treated and untreated animals adequately explain differences in susceptibilities of the two groups of animals to colonization with S. typhimurium. However, P. aeruginosa is inhibited to approximately the same extent in the intestinal tract of streptomycin-treated and untreated mice and in cecal contents obtained from these animals. Alterations, other than a diminution in VFA concentrations, brought about by streptomycin administration must be responsible for the greater susceptibility of antibiotic-treated than untreated mice to colonization with P. aeruginosa.
Our studies do not explain why streptomycin-treated mice are more susceptible to extraintestinal infections with S. typhimurium or P. aeruginosa than are untreated mice. However, they provide strong evidence that VFA, operating at the pH level of cecal contents of conventional mice, inhibit the multiplication of both S. typhimurium and P. aeruginosa in the intestinal tract. The antagonism, acting synergistically with the rapid transit of intestinal contents, impedes colonization by these organisms. The greater susceptibility of mice to colonization with S. typhimurium than P. aeruginosa may be related to the greater resistance of S. typhimurium to the inhibitory effects of VFA present in the intestine. The intestinal habitat is more receptive to coloni-
